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RAMAN AMPLIFIER SYSTEMS 
WITH DIAGNOSTIC CAPABILITIES 

This application claims the benefit of 
provisional patent application No. 60/283,632, filed April 
16, 2001. 

Background of the Invention 

The present invention relates to fiber-optic 
communications networks, and more particularly, to Raman 
amplifier systems for fiber-optic communications links. 

Fiber-optic networks are used to support voice 
and data communications. In optical networks that use 
wavelength division multiplexing, multiple wavelengths of 
light are used to support multiple communications channels 
on a single fiber. 

Optical amplifiers are used in fiber-optic 
networks to amplify optical signals. For example, optical 
amplifiers may be used to amplify optical data signals that 
have been subject to attenuation over fiber-optic paths. A 
typical amplifier may include erbium-doped fiber coils that 



are pumped with diode lasers. Raman amplifiers have also 
been investigated. Discrete Raman amplifiers may use coils 
of dispersion-compensating fiber to provide Raman gain. 
Distributed Raman amplifiers provide gain in the 
transmission fiber spans that are used to carry optical 
data signals between network nodes. 

It is an object of the present invention to 
provide optical amplifier systems that use Raman pumps to 
pump transmission fiber spans to create distributed Raman 
amplification . 

It is also an object of the present invention to 
provide optical amplifier systems that use Raman pumps to 
perform optical measurements that provide information on 
system characteristics. 

Summary of the Invention 

These and other objects of the invention are 
accomplished in accordance with the present invention by 
providing optical communications systems for fiber-optic 
networks. Fiber-optic communications links may be provided 
that use Raman amplification to amplify optical data 
signals. Raman amplification may be provided using Raman 
pumps to provide pump light to the transmission fiber spans 
in the link. 

The Raman pumps may be used in a count erpumping 
configuration in which Raman pump light travels backwards 
in the transmission fiber spans. During a setup procedure 
or during use of the Raman pump in a system, the Raman pump 
light may be modulated and the corresponding backscattered 
light for the spans may be monitored to make measurements 
on the spans. For example, the Raman pump light may be 
modulated to create pulses that may be used to make optical 



time domain ref lectometry measurements. This arrangement 
may be used to identify possible faults and other features 
in a given span and to characterize the fiber type. The 
Raman pump light may also be used to measure the Raman gain 
coefficient for the fiber. Information on the measured 
Raman gain coefficient and other fiber characteristics may 
be used in adjusting the power of the Raman pump to a 
proper level . 

Information gathered by measuring backscattered 
Raman pump light may be provided to a network management 
system. 

Further features of the invention and its nature 
and various advantages will be more apparent from the 
accompanying drawings and the following detailed 
description of the preferred embodiments. 

Brief Description of the Drawings 

FIG. 1 is a schematic diagram of an illustrative 
fiber-optic communications link in accordance with the 
present invention. 

FIG. 2 is a schematic diagram of an illustrative 
optical amplifier in accordance with the present invention. 

FIG. 3 is a schematic diagram of illustrative 
Raman pump equipment in accordance with the present 
invention. 

FIG. 4 is another schematic diagram of 
illustrative Raman pump equipment in accordance with the 
present invention. 

FIG. 5 is a graph showing how the Raman pump 
power of a given Raman pump may be modulated for use in 
performing time domain ref lectometry measurements in 
accordance with the present invention. 



FIG. 6 is a flow chart of illustrative steps 
involved in using Raman pumps to perform link 
characterization measurements in accordance with the 
present invention. 

FIG. 7 is a graph of an illustrative optical time 
domain ref lectometry trace measured using a Raman pump 
in accordance with the present invention. 

FIG. 8 is a graph showing how an illustrative 
Raman pump may provide multiple pump wavelengths in 
accordance with the present invention. 

FIG. 9 is a schematic diagram of illustrative 
Raman pump equipment that may be used to pump a 
£3 transmission fiber span and that may be used to measure 

i% reflected signals at multiple wavelengths in the pump band 

j in accordance with the present invention. 

'vj FIG. 10 is another schematic diagram of 

f 1 1 

I't illustrative Raman pump equipment that may be used to pump 

* a transmission fiber span and that may be used to measure 

yS reflected signals in the pump band in accordance with the 

present invention. 
0 FIG. 11 is a graph showing how two Raman pump 

wavelengths may be modulated when making characterization 

measurements in a fiber-optic communications link in 

accordance with the present invention. 

FIG. 12 is a graph showing how a set of optical 

time domain ref lectometry measurements may be made at 

different Raman gain settings in accordance with the 

present invention . 

FIG. 13 is a graph showing an illustrative Raman 

pump modulation arrangement that may be used to measure the 

characteristics of a fiber span in a communications link in 

accordance with the present invention. 
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FIG. 14 is a graph showing another illustrative 
Raman pump modulation arrangement that may be used to 
measure the characteristics of a fiber span in a 
communications link in accordance with the present 
invention. 

FIG. 15 is a graph that shows another 
illustrative Raman pump modulation arrangement that may be 
used to measure the characteristics of a fiber span in a 
communications link in accordance with the present 
invention. 

FIG. 16 is a flow chart of illustrative steps 
involved in using Raman pumps to measure the 
characteristics of a fiber span and using the results of 
these measurements in accordance with the present 
invention. 

FIG. 17 is a schematic diagram showing how a tap 
and monitoring arrangement may be used to measure the power 
of Raman pump light in accordance with the present 
invention. 

Detailed Description of the Preferred Embodiments 

An illustrative fiber-optic communications link 
10 in an optical communications network in accordance with 
the present invention is shown in FIG. 1. A transmitter 12 
may transmit information to a receiver 14 over a series of 
fiber links. Each fiber link may include a span 16 of 
optical transmission fiber. Fiber spans 16 may be on the 
order of 40-160 km in length for long-haul networks or may 
be any other suitable length for use in signal transmission 
in an optical communications network. Link 10 may be part 
of a fiber ring network or any other suitable network. 



The communications link of FIG. 1 may be used to 
support wavelength division multiplexing arrangements in 
which multiple communications channels are provided using 
multiple wavelengths of light. For example, the link of 
FIG. 1 may support a system with 4 0 channels, each using a 
different optical carrier wavelength. Optical channels may 
be modulated at, for example, approximately 10 Gbps 
(OC-192) . The carrier wavelengths that are used may be in 
the vicinity of 1527-1605 nm. These are merely 
illustrative system characteristics. If desired, fewer 
channels may be provided (e.g., one channel), more channels 
may be provided (e.g., hundreds of channels), signals may 
be carried on multiple wavelengths (e.g., using optical 
code division multiple access (CDMA) arrangements) , signals 
may be modulated at slower or faster data rates (e.g., at 
approximately 2.5 Gbps for OC-48 or at approximately 40 
Gbps for OC-768) , and different carrier wavelengths may be 
supported (e.g., wavelengths in the range of 1240-1670 nm) . 

Optical amplifiers 18 may be used to amplify 
optical signals on link 10. Optical amplifiers 18 may 
include booster amplifiers, in-line amplifiers, and 
preamplifiers. Optical amplifiers 18 may be rare-earth- 
doped fiber amplifiers such as erbium-doped fiber 
amplifiers, amplifiers that include discrete Raman-pumped 
coils, amplifiers that include pumps for optically pumping 
spans of transmission fiber 16 to create optical gain 
through stimulated Raman scattering, semiconductor optical 
amplifiers, or any other suitable optical amplifiers. 

Raman pump modules 2 0 may be used to provide 
Raman pump light to spans 16. The Raman pump light creates 
Raman gain in fiber spans 16 through stimulated Raman 
scattering. Each Raman pump module may provide pump light 



at one or more wavelengths using sources such as laser 
diode sources, fiber lasers, or other suitable sources of 
pump light. Although the arrangement of FIG. 1 involves 
the count erpumping of spans 16 with Raman pump light, spans 
16 may be copumped with Raman pump light if desired. 

Computer equipment 22 may be used to implement a 
network management system. Computer equipment 2 2 may be 
located at network nodes and/or a network management 
facility. As indicated by lines 24, the network management 
system may communicate with optical amplifiers 18, 
transmitter 12, receiver 14, Raman pump modules 20, and 
other optical network equipment using suitable 
communications paths. The communications paths may be 
based on any suitable optical or electrical paths. For 
example, the communications paths 24 may include service or 
telemetry channel paths, may include wired or wireless 
communications paths, may involve communications paths 
formed by slowly modulating the normal data channels on 
link 10 at small modulation depths, etc. Paths 24 may also 
be used for direct communications between Raman pump 
modules 20 and optical amplifiers 18. 

Link 10 may also include optical network 
equipment modules such as add/drop modules, optical 
switches, dispersion compensation modules, dynamic filter 
modules, or any other suitable optical network equipment. 

An illustrative optical amplifier 18 is shown in 
FIG. 2. Amplifier 18 may receive optical signals from a 
span of fiber 16 at fiber input 26. Corresponding 
amplified output signals may be provided at fiber output 28 
for launching on a subsequent span of transmission fiber 
16. 
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In the example of FIG. 2, optical gain is 
provided by gain stages 30. Gain stages 3 0 may include 
optically-pumped erbium-doped fiber 32 or other rare-earth- 
doped fiber or Raman fiber. Fiber 32 may be pumped using 
one or more pumps 34 . Pumps 34 may be based on one or more 
laser diodes operating at wavelengths of 980 nm or 1480 nm 
or other suitable wavelengths or any other suitable sources 
of pump light. Pump light from pumps 34 may be coupled 
into fiber coils 32 using pump couplers 36. Pump couplers 
3 6 may be wavelength-division-multiplexing couplers or any 
other suitable couplers. The pumping configuration shown 
in FIG. 2 involves both copumping and counterpumping . If 
desired, however, coils 32 may be only copumped or only 
count erpumped . 

Although amplifier 18 of FIG. 2 is shown as 
having two coils of erbium-doped fiber, this is merely 
illustrative. Amplifiers 18 may have one, two, three, 
four, five, or more coils of erbium-doped fiber or other 
rare-earth-doped fiber. In amplifiers 18 that include 
optically-pumped Raman gain stages or gain stages based on 
other gain media, one, two, three, or more of such gain 
stages may be provided. Any suitable number of erbium- 
doped fiber gain stages, Raman gain stages, semiconductor 
gain stages, or other gain stages may be combined in any 
suitable order in amplifier 18. Amplifier topologies other 
than the amplifier topology of FIG. 2 may be used if 
desired. Amplifiers 18 may also be omitted from some or 
all of the nodes of link 10. Amplification for the optical 
signals may be provided by Raman pump modules 2 0 at those 
nodes . 

Components 3 8 may be positioned at various 
locations along the main fiber path through amplifier 18. 
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Components 3 8 may include isolators, taps and 
photodetectors for optical monitoring, filters (e.g., 
dynamic and static spectral filters) , wavelength-division- 
multiplexing couplers, attenuators, dispersion-compensating 
elements such as dispersion-compensating fiber, gain 
stages, pumps, etc. 

The operation of components 38 and pumps 34 may 
be controlled using control unit 40. Control unit 40 may 
be based on any suitable control electronics and may 
include one or more microprocessors, microcontrollers, 
digital signal processors, field- programmable gate arrays 
or other programmable logic devices, application-specific 
integrated circuits, digital-to-analog converters, analog- 
to-digital converters, analog control circuits, memory 
devices, etc. 

Control unit 4 0 may include communications 
circuitry that supports communications with a network 
management system implemented using computer equipment 22 
over paths 24. As shown in FIG. 2, control unit 4 0 may 
include a telemetry source 42 such as a diode laser. 
Source 42 may be used to transmit information over a 
telemetry channel. Telemetry channel transmissions at the 
telemetry channel wavelength may be provided by source 42 
to telemetry add filter 44 over fiber 46. Telemetry add 
filter 44 may merge the telemetry channel transmissions 
into the main fiber path through amplifier 18, so that both 
the telemetry channel transmissions and the normal data 
traffic on link 10 are provided at output fiber 2 8 for 
transmission over the next fiber span 16. 

A telemetry drop filter 48 may be used to 
separate telemetry channel signals from the optical signals 
provided to input fiber 26. The normal data signals (e.g., 
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the data signals on the wavelength-division-multiplexing 
channels on link 10) pass through filter 48 to the fiber 32 
in the first gain stage 30. The telemetry channel signals 
from the previous amplifier 18 or other equipment in link 
10 that have been separated from the main fiber path may be 
provided to control unit 40 over fiber 50. Because a 
typical link 10 has a series of amplifier 18, telemetry 
channel communications may be supported along the entire 
length of link 10. Telemetry channel communications in the 
reverse direction may be supported using a parallel link in 
which signals travel in the opposite direction to the 
signals in link 10. The amplifiers 18 in each link may be 
interconnected using local electrical paths between the 
links . 

An illustrative Raman pump module 2 0 is shown in 
FIG. 3. Fiber input 52 may be connected to a preceding 
span of fiber 16, as shown in FIG. 1. Output fiber 54 may 
be connected to an erbium-doped fiber amplifier or other 
suitable amplifier 18 that is located at the same network 
node as Raman pump module 20. The output of the amplifier 
may then be connected to the next fiber span 16 in link 10. 

Light in the signal band (e.g., signal light on 
the wavelength-division-multiplexing channels on link 10) 
that is provided to input fiber 52 may pass through 
wavelength-division-multiplexing coupler 56, as shown by 
line 58. 

Raman pump 60 may produce Raman pump light. 
Raman pump 60 may contain one or more laser diodes or other 
suitable sources of pump light. Raman pump light may be 
generated at a single wavelength or at multiple 
wavelengths. In general, the pump light wavelengths are 
about a Stokes shift in wavelength below the wavelength 
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band for the signals. The Raman pump light from pump 60 
may be launched into the preceding fiber span 16 in the 
backwards direction. Raman pump light from pump 60 may be 
directed into fiber 16 through circulator 62 and 
wavelength-division-multiplexing coupler 56, as indicated 
by line 64. In span 16, the backwards -propagating Raman 
pump light produces Raman gain in the signal band through 
stimulated Raman scattering. 

Some of the Raman pump light is backscattered. 
The backseat tered light travels in the same forwards 
direction as the signal light. When the backscattered pump 
light reaches wavelength-division-multiplexing coupler 56, 
the light is directed to circulator 62 by wavelength- 
division-multiplexing coupler 56. Circulator 62 directs 
the backscattered light from coupler 56 into optical 
monitor 66. Optical monitor 66 may be any suitable optical 
monitor such as a monitor that includes one or more 
photodetectors that convert optical signals into current 
signals and transimpedance amplifier circuitry that 
converts the current signals into voltage signals for 
processing by the circuitry of control unit 40. This is 
merely an illustrative arrangement for monitor 66. Any 
suitable optical monitor arrangement may be used if 
desired. 

Control unit 4 0 may receive information from 
monitor 66 over electrical path 68. Control unit 40 may 
control Raman pump 60 over electrical path 70. 

Control unit 4 0 of FIG. 3 may be based on any 
suitable control electronics and may include one or more 
microprocessors, microcontrollers, digital signal 
processors, field-programmable gate arrays or other 
programmable logic devices, application- specific integrated 



circuits, digital-to-analog converters, analog-to-digital 
converters, analog control circuits, memory devices, etc. 

The same control unit 4 0 may be used to control 
Raman pump module 20 and optical amplifier 18. If the same 
control unit is used, the components of Raman pump module 
20 and amplifier 18 may be housed in a common housing or 
structure or separate structures that are electrically and 
optically interconnected. If desired, Raman pump module 2 0 
and optical amplifier 18 may have separated control units. 
If separate control units are used, the control units may 
communicate directly with each other. Separate control 
units may also communicate using computer equipment 22. 
These are merely illustrative examples. Raman pump module 
2 0 and optical amplifier 18 may be controlled using any 
suitable control unit electronics. 

Moreover, the optical configuration of FIG. 3 is 
merely illustrative. Other configurations may be used to 
measure backscattered light from fiber 16 if desired. 
Another illustrative configuration for pump module 20 is 
shown in FIG. 4. In the example of FIG. 4, data signals 
from fiber span 16 are provided to input 52. These data 
signals are directed to output fiber 54 through circulator 
62 and wavelength-division-multiplexer 56. Raman pump 
light from pump 60 is directed into fiber span 16 through 
circulator 62 . 

Backscattered Raman pump light from fiber 16 is 
directed to monitor 66 by circulator 62 and wavelength- 
division-multiplexer 56. Control unit 40 receives 
information on the backscattered signal power from monitor 
66 and controls Raman pump 60 using paths 6 8 and 70, 
respectively. 
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Regardless of the particular arrangement used to 
measure backseat tered light from Raman pump 60, this light 
may be used to perform measurements on span 16. As an 
example, Raman pump 60 may be used to perform optical time 
domain ref lectometry measurements. Raman pump measurements 
may provide information on the status and nature of fiber 
span 16. 

One way in which optical measurements may be made 
with pump 60 is to make measurements during a system set up 
or diagnostics period or other suitable time in which full 
use of Raman pump 60 is not needed to provide Raman 
amplification. In this situation, control unit 40 may 
modulate pump 60 to produce a series of pulses such as 
pulses 72 of FIG. 5. The duration x of each pulse may be 
relatively short, to provide good spatial resolution in 
optical time domain ref lectometry measurements. For 
example, the duration x may be about 5-25 ns, 1-200 ns, 1- 
500 ns or other suitable duration. The frequency fi with 
which the series of pulses is provided may be selected to 
be low enough to ensure that each pulse 72 and the 
backscattered signals from that pulse have completely 
exited the fiber span 16 being measured before a subsequent 
pulse is launched. Because the round trip transit time for 
light in a fiber is about 10 |us/km, pulse train frequencies 
of less than about 1 kHz or less may generally be used for 
fiber spans of up to 10 0 km in length. This frequency may 
be lowered to accommodate longer span lengths if desired. 
Faster modulation frequencies (e.g., 2 kHz, 5 kHz, or more) 
may be used for shorter span lengths or when the effects of 
multiple simultaneous backwards propagating pulses in fiber 
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16 are taken into account when processing the backscattered 
signals . 

As each pulse 72 is launched from pump 60 into 
span 16, control unit 40 uses monitor 66 to gather 
information on the backscattered signal. Because a single- 
shot measurement may be noisy, control unit 4 0 may make 
repeated measurements by averaging the return signal from 
each pulse 72 in the series of pulses. Any suitable signal 
acquisition and averaging period may be used. For example, 
the reflected signals from one or a few pulses may be 
averaged, or the reflected signals from tens, hundreds, 
thousands, tens of thousands or more pulses may be 
averaged. Data acquisition and averaging may also be 
performed over time periods of a few seconds, a few 
minutes, or longer time periods. 

Illustrative steps involved in using Raman pump 
60 to perform optical time domain ref lectometry 
measurements are shown in FIG. 6. At step 74, control unit 
40 may uses Raman pump 60 to generate a pulse or series of 
pulses as shown in FIG. 5. Control unit 40 may use optical 
monitor 66 to measure the backscattered signals from these 
pulses at step 76. 

At step 78, the measured signals may be 
processed. As one example, the measured signals may be 
processed using data averaging techniques. To minimize the 
amount of memory that is used by control unit 40 in 
processing the measured signals, a moving average technique 
may be used in which data for newly acquired signal traces 
is averaged into an existing stored data. Filtering 
techniques, histograms, curve fitting, and other data 
reduction and analysis tools may also be used by control 
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unit 4 0 in processing the acquired information on the 
backscattered signals . 

After control unit 40 has gathered sufficient 
information on the backscattered signals at step 78, 
information on the backscattered signals may be provided to 
computer equipment 22 or may be used locally by control 
unit 40 at step 80 (e.g., as a basis for adjusting pump 
60) . The information may include optical time domain 
ref lectometry (OTDR) trace data and other information that 
characterizes span 16. Control unit 40 may provide this 
information to the network management system that uses 
computer equipment 22 over paths 24. Such paths may, for 
example, include a telemetry channel path. Telemetry 
channel communications between control unit 40 and the 
network management system may be supported using the 
telemetry capabilities of amplifiers 18 or pump modules 20 
may be provided with telemetry channel capabilities. 
Control unit 40 may provide OTDR information to the network 
management system in the form of alarms, reports, data 
files, as part of a data stream, or using any other 
suitable formats. 

The network management system implemented using 
computer equipment 22 may use the optical time domain 
ref lectometry traces and other information in evaluating 
the characteristics of span 16. For example, if control 
unit 4 0 is used to make optical time domain ref lectometry 
measurements before the link 10 is placed in service or 
when link 10 is being upgraded or repaired, the personnel 
at the network management system computer equipment 22 may 
use the measurements to identify various features in the 
span. Control unit 4 0 may also adjust the operating 
settings of Raman pump module 2 0 based on the information 



gathered during the optical time domain ref lectometry 
measurements. If desired, the information gathered during 
the optical time domain ref lectometry measurements may be 
used locally by control unit 40 in automatically adjusting 
the operation of pump module 2 0 to produce a desired gain 
setting. If a fiber cut or a disconnected connector is 
detected by the optical time domain ref lectometry 
measurements, the control unit may immediately reduce the 
pump power of the Raman pump to an eye safe level or may 
turn off the Raman pump completely. 

An illustrative optical time domain ref lectometry 
trace 82 that may be acquired by control unit 4 0 using 
Raman pump 60 and monitor 66 is shown in FIG. 7. In the 
example of FIG. 7, the reflected signal power (i.e., the 
reflected pump power from pump 60) has been plotted as a 
function of time. If desired, the time scale on the x-axis 
of the graph of FIG. 7 may be converted into a distance 
scale based on the known characteristics of fiber span 16 
such as the group velocity. The y-axis (power) in FIG. 7 
is plotted on a log (dB) scale. 

Trace 82 shows a number of features that are 
present in an illustrative fiber span 16. For example, the 
presence and locations of splices, cracks, cuts, and 
connectors may be determined. When control unit 40 detects 
a fault such as a crack or an improperly disconnected 
connector, control unit 4 0 may generate an alarm and may 
reduce the power of pump 60 (e.g., to zero or another eye 
safe level) . The total length of the fiber span 16 may 
also be measured when no cuts are present. 

Trace data may also be used to identify the fiber 
in span 16. Different fiber types may be used for 
different sections of span 16. For example, span 16 may 



contain standard single mode fiber (SMF) or dispersion- 
compensating fiber (DCF) or other fiber types. Different 
types of fiber may be characterized by their loss per unit 
length and effective core areas (A EFF ) . When trace 82 is 
plotted on a log scale, as in FIG. 7, the slope of trace 82 
in a given region is inversely related to the value of A EFF . 
In the example of FIG. 7, two fiber types -- SMF and DCF -- 
were used in different portions of span 16, as evidenced by 
the characteristic slopes. Information on the fiber type 
or types in span 16 may be used by control unit 4 0 and the 
network management system in determining the appropriate 
pumping powers and other settings for pump modules 2 0 and 
O amplifiers 18. 

f% If desired, taps and monitors may be used in 

+ equipment 2 0 to measure the signals power on span 16 at 

Vj various Raman pump levels. This allows control unit 40 to 

IS gather information on the on-off Raman gain produced by 

pump modules 20. The results of such on-off gain 
IP measurements may be combined with the results of optical 

% i measurements made at the pump wavelengths to further 

C3 characterize span 16. 

Pump 6 0 may contain laser diodes or other pump 
sources that operate at multiple wavelengths. If desired, 
the powers of the pump wavelengths may be individually 
controlled to make measurements on fiber span 16. As shown 
in FIG. 8, an illustrative pump 60 may produce Raman pump 
light at two wavelengths Aa and X 2 . The pump light 82 at A,i 
produces Raman gain spectrum 84 in fiber span 16. The pump 
light 86 at X 2 produces a Raman gain spectrum 88. Gain 
spectra 84 and 88 produce an overall Raman gain spectrum 94 
that amplifies signals 90. Because more than one 
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wavelength of pump light is used, the shape of gain 
spectrum 94 may be flatter than would be possible if only a 
single wavelength were used. If desired, three, four, 
five, six, or more different pump wavelengths may be used 
to produce a desired Raman gain shape. Only two pump 
wavelengths are shown in the example of FIG. 8 for clarity. 

Because the light 82 at ^ produces Raman gain for 
the light 86 at X 2/ a pump and probe arrangement may be used 
to characterize fiber span 16. With this type of 
arrangement, light 86 may be pulsed to perform optical time 
domain ref lectometry measurements while light 82 is 
modulated to measure the effect of adjusting Raman gain 
curve 84 . This technique does not require any normal data 
signals to be present in the signal band on link 10. 

An illustrative Raman pump module 2 0 that may be 
used for this type of measurement approach is shown in FIG. 
9. In pump module 20 of FIG. 9, pump light at X ± and X 2 may 
be directed into fiber 16 via fiber 100, four-port 
circulator 62, fiber 102, wavelength-division-multiplexing 
coupler 56, and the fiber of fiber input 52. Optical 
signals in the signal band pass through wavelength- 
division-multiplexer 56 to fiber output 54 in forwards 
direction 58. Backscattered pump light signals at X ± and X 2 
that are propagating back from fiber 16 in direction 58 are 
directed to fiber 102 by coupler 56. Circulator 62 directs 
the backscattered signals to a reflector or filter 98. 
Filter 98 may be a fiber Bragg grating filter or other 
suitable filter that passes light at X 2 and that reflects 
light at X x . The power of the light at X 2 may be measured 
by optical monitor 66b. As indicated by line 96, light at 
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%x is reflected from filter/reflector 98 into circulator 62, 
which directs the light at A* to monitor 66a. 

Control unit 4 0 may receive information on the 
measured signal powers for the light at X± and X 2 from 
monitors 66a and 66b over paths 68. Control unit may 
communicate with pump 60 over path 70. 

Another illustrative example is shown in FIG. 10. 
With pump module 2 0 of FIG. 10, pump light from pump 60 is 
directed toward fiber 16 by three-port circulator 62 and 
wavelength-division-multiplexing coupler 56. Signal light 
in the signal band passes through coupler 56 from input 52 
to output 54. Backscattered pump light from fiber 16 is 
directed to circulator 62 by coupler 56. The backscattered 
light may be divided into separate wavelength bands using 
wavelength-division-multiplexing coupler 104. For example, 
light at X 2 may be directed to monitor 66b by coupler 104, 
whereas light at may be directed to monitor 66a by 
coupler 104. 

The arrangements of FIGS. 9 and 10 are merely 
illustrative. Any suitable configurations may be used to 
measure backscattered light at multiple wavelengths if 
desired. 

An illustrative modulation scheme that may be 
used by control unit 4 0 when performing characterizing 
measurements on span 16 with pump 60 is shown in FIG. 11. 
Pump light at X 2 may be provided in the form of a series of 
pulses 72 (like the pulses 72 of FIG. 5) . Optical time 
domain ref lectometry trace data may be acquired by monitor 
66b of FIG. 9 or 10 based on the backscattered signal at X 2 . 
At the same time, the power of the Raman pump light at %x 
may be modulated, as shown by curve 106. Pulses 72 and 



signal 106 may be square pulses and square wave signals 
respectively. If desired, other suitable pulse or signal 
shapes may be used. The magnitude of the curve 106 may be 
varied as measurements with pulses 72 are being made. 

An illustrative family of OTDR traces 108 that 
may be acquired using a multiwavelength Raman pump module 
20 is shown in FIG. 12. Trace 108a may be acquired when 
the power of the pump light at X± is set to zero (i.e., the 
magnitude of the square wave signal 106 of FIG. 11 is 
zero) . Trace 108a may be used to characterize fiber span 
16 as described in connection with FIG. 7. Traces 108b, 
108c, and 108d may be acquired when using successively 
higher powers for the pump light at X ± . The magnitude of 
the pump signal 106 at X x may be increased in a stepwise 
fashion or may be varied continuously. Any suitable ratio 
may be used for the relative frequencies of the pump light 
modulation signals at X 1 and X 2 . 

The family of curves 108 of FIG. 12 exhibit the 
effects of the Raman gain curve 84 (FIG. 8) on the OTDR 
pulses at X 2 . The pulses at X 2 act as a probe signal for 
measuring the effects of pump 106. Control unit 40 may 
calculate the Raman gain coefficient of fiber 16 using 
information of the type contained in curves 108. 
Information on the Raman gain coefficient may be used by 
control unit 40 to automatically adjust the pump power 
levels produced at different wavelengths by pump 60. For 
example, information on the Raman gain coefficient of fiber 
16 may be used to set the pump power levels to the proper 
levels needed to obtain a desired spectral shape and 
magnitude for the overall Raman gain in the signal band. 
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This type of automatic adjustment may be 
performed at any suitable time. For example, Raman pump 2 0 
may perform these measurements and make corresponding 
adjustments during an initial system setup prbcedure, 
during repairs or other maintenance, following a system 
reconfiguration, etc. Information on the desired Raman 
gain spectrum that pump module 2 0 is to produce may be 
stored in control unit 40 when control unit 40 is 
originally configured during the manufacturing process, or 
may be provided to control unit 4 0 from the network 
management system over a telemetry channel or other path 24 
between computer equipment 22 and module 20. 

A modulation approach that may be used while link 
10 is in operation carrying normal data traffic is shown in 
FIG. 13. Pump light at X x may be varied by a relatively 
small modulation depth from a given level Pi. For example, 
the modulation depth of the pump light at X 1 may be a few 
percent or other suitable amount. Pump light at X 1 may be 
modulated at a frequency f 2 that is relatively slow compared 
with the frequency at which pulses 72 are produced. Pump 
light at X 2 may be modulated to create a series of pulses 72 
on top of a base pump power level P 2 . 

The modulation of the pumps may not significantly 
change the average pump power levels that are used to pump 
span 16. If desired, any changes in the average gain 
produced by modulating the pumps may be counteracted by 
adjusting the levels Pi and P 2 . Because the modulated pump 
light propagates in the backwards direction, whereas data 
signals travel in the forward direction along link 10, the 
impact of any noise generated by modulation of the pump 
light on the data signals is generally negligible. The 



effects of pump- induced noise may be further reduced by 
lowering the modulation depths of the pumps and 
compensating for this reduction in signal strength by 
making backscattered light measurements over a longer 
period of time. 

By adjusting the magnitude of the modulation 
depth of the pump light at X lf a family of OTDR traces 108 
or other suitable data of this type may be measured. This 
may help control unit 40 gather more accurate measurements 
on the characteristics of fiber 16. As an alternative, an 
approach may be used in which only the pump light at X 2 is 
modulated, as shown in FIG. 14. 

Another illustrative pump light modulation scheme 
is shown in FIG. 15. With this approach, pump light 
signals at Aa and X 2 are modulated in a complementary 
fashion, so that fluctuations in the magnitude of the Raman 
gain in fiber 16 may be minimized. 

The modulation arrangements of FIGS. 13-15 are 
merely illustrative. Any suitable pump power modulation 
scheme may be used to make measurements on fiber 16. An 
advantage to schemes of the type shown in FIGS. 13-15 is 
that they tend not to disrupt the data traffic being 
carried on span 16. Accordingly, these schemes may be used 
to make OTDR measurements while pump module 2 0 is used to 
provide Raman amplification for link 10. Module 20 may 
gather OTDR traces and other information characterizing 
fiber span 16 on a continuous basis (e.g., using continuous 
pump power modulation), periodically (e.g., once per 
minute, hour, day, week, or other suitable time interval) , 
on demand (e.g., when requested by the network management 
system), or when certain conditions are met (e.g., when a 



loss of signal condition is detected by amplifier 18 or 
other suitable optical monitoring equipment in the 
network) . 

The information that is gathered by using 
modulated pump light signals to monitor span 16 may be 
provided to the network management system in the form of 
reports, alarm signals, or data files, or as part of a data 
stream. The information may also be used locally by 
control unit 40 in automatically adjusting the operation of 
pump module 20 (e.g., to adjust pump powers as needed to 
produce a desired gain setting, or to reduce the pump power 
to an eye safe level, etc.). 

Illustrative steps involved using modulated pump 
light to monitor span 16 are shown in FIG. 16. At step 
110, control unit 40 in Raman pump module 20 or amplifier 
18 or other suitable optical amplifier or network equipment 
may be used to direct pump 60 to produce modulated pump 
light for span 16. 

The backscattered signals from span 16 may be 
measured using optical monitors. The optical monitors may 
be optical monitors 66 (66a/66b) that are located in pump 
20 or may be any other suitable optical monitors. 

The measured backscattered signals may be 
processed by control unit 40 at step 114. For example, 
control unit 4 0 may use data averaging to reduce noise in 
the measured signal. Curve fitting, histograms, and other 
suitable data analysis techniques may be used to analyze 
and compress the data that is gathered if desired. 

At step 116, control unit 4 0 may use the 
information that has been gathered and processed to adjust 
pump 60. For example, the powers of the pumps may be 
adjusted. If a fiber cut is detected, the power may be 
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shut off as a safety precaution. Control unit 4 0 may also 
provide status information on fiber span 16 to the network 
management system. For example, if a cut, crack, or sudden 
change in bending loss is detected, control unit 4 0 may 
alert the network management system. Personnel at the 
network management system may then take appropriate 
corrective actions . 

As shown in FIG. 17, module 2 0 may have a tap 118 
and an optical monitor 12 0 for accurately monitoring the 
power being launched by Raman pump 60. This approach may 
be used in any suitable Raman pump module such as the 
modules 20 of FIGS. 3, 4, 9, and 10. 

The OTDR measurements made using module 2 0 may be 
calibrated by using control unit 4 0 to calculate the ratio 
of the pump power that is launched to the reflected OTDR 
signal measured from a known reflective reference (e.g., a 
splice or a reflective device with a known calibrated 
reflectivity) . This step allows the losses associated with 
components such as circulator 62 and wavelength-division 
multiplexer 56 to be taken into account during subsequent 
OTDR measurements. Calibration data from the calibration 
measurement may be stored by control unit 40. 

During operation of module 20, control unit 4 0 
may use tap 118 and monitor 12 0 to measure the Raman pump 
power. By using the measured Raman pump power for a given 
OTDR pulse and the calibration data stored in control unit 
40, reflected OTDR signal measurements may be made 
accurately enough determine the absolute value of the 
signals in trace 82 of FIG. 7, rather than just the 
relative trace shape. For example, control unit 4 0 may use 
the y- intercept value or extrapolated y- intercept value of 
trace 82 to measure the Rayleigh backscattering coefficient 



oc R at the pump wavelength. The ability to accurately 
measure the absolute value of the reflected signal assists 
control unit 4 0 in using measured values of P R in 
characterizing span 16. 

The fiber span length L may be calculated using 
an estimated index of refraction of 1.46 (for example) and 
the measured OTDR time to the end of the fiber. Length 
measurements may be calibrated by using the network 
management system to request that an operator at a network 
management facility supply information on known distances 
to the fiber end or other features in a given trace 82. 

Information on the fiber span length, the 
measured absorption coefficient of the fiber, the measured 
Rayleigh backscattering coefficient a R/ the measured on-off 
gain at the signal wavelength, and other suitable 
measurements made by control unit 4 0 may be used to 
characterize the fiber span 16 for the network management 
system and may be used by control unit 40 in determining 
how to control module 20. 

Regardless of whether OTDR span measurements are 
made during the course of normal operations or during 
certain times such as system setup or when a loss of signal 
is detected, the span measurements may provide the network 
management system and pump module 2 0 with timely 
information that might not otherwise be available. Such 
measurements may be used to monitor fiber spans 16 in 
metropolitan networks and long-haul and ultra-long-haul 
networks such as undersea networks in which timely fault 
detection may be of significant importance. 

It will be understood that the foregoing is 
merely illustrative of the principles of this invention, 



and that various modifications can be made by those skilled 
in the art without departing from the scope and spirit of 
the invention. 



